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a  b  s  t  r  a  c  t
Following  the drilling  of a shallow  natural  CO2 reservoir  at the  Qinghai  research  site, west  of  Haidong,
China,  it was  discovered  that  CO2 was  continuously  leaking  from  the  wellbore  due to  well-failure.  The
site has  become  a useful  research  facility  in China  for studying  CO2 leakage  and  monitoring  technologies
for  application  to geological  storage  sites of  CO2. During  an  eight  day  period  in  2014,  soil  gas  and  soil  ﬂux
surveys  were  conducted  to  characterise  the distribution,  magnitude  and  likely  source  of  the  leaking  CO2.
Two  different  sampling  patterns  were  utilised  during  soil ﬂux  surveys.  A regular  sampling  grid was  used
to  spatially  map  out the  two  high-ﬂux  zones  which  were  located  20–50  m away from  the  wellhead.  An
irregular  sampling  grid,  with  higher  sampling  density  in the  high-ﬂux  zones,  allowed  for more  accurate
mapping  of the  leak  distribution  and  estimation  of total  ﬁeld  emission  rate  using  cubic  interpolation.  The
total  CO2 emission  rate  for the  site was  estimated  at 649-1015  kgCO2/d  and there  appeared  to be some
degree  of  spatial  correlation  between  observed  CO2 ﬂuxes  and  elevated  surface  H2O ﬂuxes.
Sixteen  soil  gas  wells  were  installed  across  the  ﬁeld  to test  the  real-time  application  of Romanak  et  al.’s
(2012)  process-based  approach  for soil  gas  measurements  (using  ratios  of major  soil  gas  components
to  identify  the  CO2 source)  using  a portable  multi-gas  analyser.  Results  clearly  identiﬁed  CO2 as  being
derived  from  one  exogenous  source,  and  are  consistent  with  gas  samples  collected  for  laboratory  analysis.
Carbon-13  isotopes  in  the centre  of each  leak zone  (−0.21‰  and  −0.22‰)  indicate  the underlying  CO2 is
likely  sourced  from  the thermal  decomposition  of  marine  carbonates.
Surface  soil  mineralisation  (predominantly  calcite)  can  be used  to  infer  prior  distribution  of  the  CO2
hotspots  and  as a consequence  highlighted  plume  migration  of  20  m in 11  years.  The  broadening  of  the
affected  area  beyond  the  wellbore  at the  Qinghai  research  site markedly  increases  the  area  that  needs
surveying  at  sufﬁcient  density  to detect  a leak.  This  challenges  the  role of  soil  gas  and  soil  ﬂux in a  CCS
monitoring  and  veriﬁcation  program  for  leak  detection,  suggesting  that  these  techniques  may  be better
applied  for characterising  the  source  and emission  rate  of a CO2 leak, respectively.
Crown  Copyright  © 2016  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY. Introduction
Recommendations from the Intergovernmental Panel on Cli-
ate Change’s Fifth Assessment Synthesis Report indicate that
o keep within a 2 ◦C temperature increase (scenario Represen-
ative Concentration Pathway 2.6) relative to pre-industrial levels
equires a rapid transition to low-carbon economies (Pachauri et al.,
014). Considering the global economy’s current dependence on
ossil fuels, a signiﬁcant amount of research and investment has
een targeted to the application of carbon capture and storage
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(CCS) with 22 large-scale CCS facilities in current development or
operation (Global CCS Institute, 2015).
One of the major concerns regarding underground CO2 storage
is the prospect of CO2 leakage back to the surface. Such events rep-
resent a risk to human and animal health through concentrated
CO2 exposure; an environmental risk in the potential acidiﬁcation
and contamination of ocean and groundwater resources (Benson,
2006; Little and Jackson, 2010); a climate risk in the return of green-
house gases to the atmosphere (van der Zwaan and Smekens, 2009;
Osman-Elasha et al., 2005); and a ﬁnancial risk for companies under
carbon pricing schemes liable for their emission losses (Pollak and
McCoy, 2011; Herzog et al., 2003).
The leakage pathways from a CO2 reservoir can broadly be
grouped into three main pathways: breaches in the seal rock, such
as via faults, inconsistent seal coverage, or seal failure; reactivation
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r opening of faults and fractures within the seal due to temper-
ture and pressure changes arising from injection; or the failure
f the injection well and/or abandoned wells which intrude on
he seal, CO2 reservoir, or overlying units. Of these three leakage
athways, CO2 migration through wellbore failure, in particular
rom abandoned wells, is repeatedly identiﬁed as the highest risk
echanism (e.g. Bachu and Celia, 2009; Benson, 2006). The rela-
ive importance of monitoring for wellbore failure is highlighted
y experiences in the natural gas storage industry (Miyazaki, 2009;
erry, 2015), including the recent well blow-out and sustained CH4
enting of the Aliso Canyon underground gas storage facility in Cal-
fornia (Conley et al., 2016). In Perry’s (2015) review of 600 natural
as storage facilities operating over 90 years it was found that, of ten
ecorded gas migration incidents, ﬁve were associated with well-
ore failure, with the rest attributed to poor reservoir selection and
aprock issues.
Wells drilled into a CO2 reservoir can generate signiﬁcant
lowouts, continued geysering and seepage from the wellbore. In
uch examples, signiﬁcant amounts of CO2 are often released from
earby springs sourced from leakage of the wellbore in the subsur-
ace, as is the case for the Tenmile Geyser and Crystal Geyser in the
aradox Basin, USA. Observations suggest that the main ﬂow path-
ays for these geysers are not self-sealing (where pathways block
p with formation of carbonate cement). However, within the same
aradox Basin complex, vent locations for Torrey’s spring have been
bserved to shift and change in discharge intensity, suggesting frac-
ure sealing or opening up of new preferential subsurface migration
athways (Shipton et al., 2006; Evans et al., 2004). As a natural CO2
ystem that has been drilled and poorly sealed, these CO2 springs
re the closest analogues to the system encountered at the Qinghai
esearch site, which is the subject of this study.
Oldenburg et al. (2003), Leuning et al. (2008) and Jones et al.
2009) provide comprehensive reviews of the major technologies
uitable for surface and atmospheric monitoring and veriﬁcation
or CCS. Measurements taken of the near surface vadose zone are
deal for multiple reasons. Firstly, the vadose zone is quick and easy
o sample, as it represents the bounding zone between subsurface
torage and the atmosphere (Romanak et al., 2012). Secondly, the
echnology is established and has been well-developed, and as a
onsequence can provide reliable estimates of leakage parameters.
f these techniques, soil ﬂux sampling at the soil surface, via the
ccumulation chamber method, has been a key technique for char-
cterising the efﬂux from leakage systems over the past 15 years.
he technique relies on measuring the rate of gas increase inside a
hamber afﬁxed to the ground surface (Chiodini et al., 1998; Lewicki
t al., 2007; Elío et al., 2013).
Similarly, soil gas sampling of the vadose zone is the main way
f identifying the CO2 source. Until recently, this usually relied on
13C isotope analysis of the CO2, with different CO2 sources dis-
inguished based on 13C and Keeling plots (McAlexander et al.,
011; Schulz et al., 2012; Meier and Sharma, 2015). The technique
s limited to environments where 13C isotope of sequestered CO2
s notably different from local or mixed CO2 sources. For example,
here CO2 is produced from the burning of fossil fuels and retain
ts biogenic isotopic signature, this can often have an overlapping
sotopic signature with soil biological respiration. Other tools have
lso been utilised and showed promise in situations where 13C
as not suitable, such as at the Weyburn CO2-EOR site, where
oil respiration derived CO2 was differentiated using radiogenic
14C analyses, as well as using isotopes of noble gases, He and Rn
Beaubien et al., 2013). Another tool used by Beaubien et al. (2013)
nferred the CO2 source from the ratio of CO2 gas to N2 and CO2
as to O2 + Ar in soil gas samples. Similarly, but covering a broader
ange of CO2 formation mechanisms, Romanak et al. (2012) derived
 method of applying soil gas sampling, using ratios of major soil
as constituents (i.e. CO2, N2, O2 and CH4) to distinguish betweeneenhouse Gas Control 54 (2016) 84–95 85
CO2 dissolution, biological respiration, CH4 oxidation or exogenous
sources.
Soil ﬂux and soil gas techniques were used to characterise a nat-
urally charged, CO2-rich leakage system in Eastern Qinghai, China.
Here we  present our investigations into CO2 leak migration in
the near surface associated with a faulty well. The site provides
a natural analogue to wellbore failure at a CCS site, providing the
opportunity to gain further insight into the surface expression and
suitability of several near-surface monitoring methods.
1.1. Geology
The ﬁeld and study site is situated in the highlands west of
Haidong (Qinghai, China), in the Qijiachuan valley at an elevation
of 1500 m.  It lies on the southeast margin of the Qilian geosyncline
fold belt, which consists of the Late Proterozoic Qingshipo Group
and Late Cretaceous Minhe Group sediments, which are intruded by
Quaternary granites. Above the Cretaceous basement, a succession
of Cenozoic mudstones and siltstones inﬁll the Qaidam Basin. The
region has a complex hydrogeological network which feeds other
large natural CO2 springs (such as Bingling Mountain) in the larger
valley complex.
1.2. Description of ﬁeld site
A permanent research station surrounding the wellbore has
been set up by the China Geological Survey (CGS) to better study
the leak, apply and develop monitoring techniques, and draw par-
allels to issues faced in the monitoring and veriﬁcation for CCS in
China. The research ﬁeld is ∼930 m2 (Fig. 1), surrounded by small-
scale cropping on a ﬂuvial terrace nearby to a moderate tributary.
The research ﬁeld is routinely planted with seasonal C3 plants
(potatoes, wheat, legumes); however, at the time this work was
conducted the ﬁeld was fallow.
The CO2 leak is relatively recent, the result of a water bore being
drilled in 2002. At 190 m depth, a blowout occurred, where a 35 m
thick, CO2-rich, artesian aquifer was  intersected. Poor closure of
the wellbore led to periodic ﬂooding events of CO2-rich water by
2004, thus a subsurface drainage system was installed, channelling
excess water into the nearby river.
The current CO2 distribution in the ﬁeld is partly controlled by
the drainage system. CO2 leakage occurs in two  main zones: one is
associated with the drainage reservoir; and the other with a second
spot near the well. A 1 m wide and 1 m deep sinkhole associated
with a CO2 spring formed in 2004 in the southern corner of the
ﬁeld, where CO2-rich bubbling water reaches the surface (Fig. 1).
The temperature of waters from this spring has been measured at
17 ◦C, several degrees above that of the surrounding water table.
In areas of the ﬁeld which are currently, or in the past have
been, at the centre of the CO2 leakage, the soil surface is carbonate
mineralised up to depths >30 cm (Fig. 2). This is similar to the fri-
able distal travertine deposits Evans et al. (2004) described for the
Torreys springs and Crystal geyser springs.
2. Methods
2.1. Soil ﬂux
Soil ﬂux measurements were taken according to the accu-
mulation chamber method, using a portable Westsystems CO2
ﬂux meter (chamber volume = 0.00619 m3, chamber surface
area = 0.0314 m2), which operates a Li840A infra-red detector for
CO2 and H2O, with a measuring range of 0–20,000 ppm and
0–60 ppt respectively. The accuracy for both gases is 2% of the
concentration reading. The same sampling approach was used as
applied in Kuske et al. (2014), and is based on the principles of soil
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Fig. 1. A birds-eye view of the Qinghai research site, Qinghai, China. Key features of the ﬁ
highlighted in yellow, as they were temporary deployments beyond the ﬁeld perimeter. 











oig. 2. Carbonate mineralisation (travertine) of the upper soil layer in an older
eakage zone near the wellhead.
ux outlined in Chiodini et al. (1998). Four soil ﬂux surveys were
onducted at the Qinghai research site (Table 1).
Sampling locations were recorded on a site reference grid, and
ater georeferenced with ﬁxed points in the ﬁeld. Survey A was
ollected in a regular sampling grid across the ﬁeld to locate the
igh-ﬂux zones. The subsequent surveys (Surveys B–D) were then
ollected using an irregular soil ﬂux sampling grid, with a high den-
ity of samples within the high-ﬂux zones (∼1 sample per 9 m2). The
agnitude of each measurement was used to guide the proximity
f the next measurement, such that,as ﬂuxes declined the distanceeld site and monitoring locations are highlighted. The background soil gas wells are
One leakage zone surrounds the sump, while the other is centred in the southeast
his ﬁgure legend, the reader is referred to the web  version of this article.)
between sampling points increased, resulting in a sliding scale out
to the low density background areas (∼1 sample per 400 m2). high-
ﬂux zone This resulted in slightly different sampling grids between
the four surveys. Survey B was  limited to the northern half of the
ﬁeld due to equipment problems associated with the cold condi-
tions encountered that day. Surveys C and D sampled the whole
extent, with increasing sampling density nearer the leakage zones.
For Survey D, H2O ﬂuxes were measured concurrently.
Near the centre of each leakage hot spot, the very high ﬂuxes
meant CO2 concentrations in the chamber quickly reached the
detector’s measuring limit of 20,000 ppm. For these locations, CO2
ﬂux was  measured for a shorter 30 s interval, and the chamber was
ﬂushed with atmospheric gas for 60 s prior to next measurement
to avoid contamination. Another issue was the high frequency vari-
ability in the surface release of CO2 (pulses of CO2) in the fringes of
the leak. For these measurements ﬂuxes were estimated on shorter
periods of approximately 30 s to remove the inﬂuence of CO2 spikes.
Whenever spikes were identiﬁed a repeat measurement was taken,
a note of spikes was  recorded, and an average ﬂux estimated. These
CO2 spikes were usually 15–30 s in duration, occurred at medial
distances (20–30 m)  from either hotspot and overwhelmed any
regular CO2 ﬂux.
Flux measurements were corrected for temperature and pres-
sure effects using meteorological data collected onsite using
a View-EV-8 atmospheric monitoring tower (manufactured by
Shanghai Weiyue Company), which provided wind speed, wind
direction, total radiation, temperature, humidity, precipitation,
evaporation, and atmospheric pressure. Flux data was taken
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Table  1
CO2 leak rates for the Qinghai research site’s soil ﬂux surveys, produced using linear and cubic interpolation of measurements, with linear interpolation for background (BG)
ﬂuxes.  Details of leak rate calculation, the integration domain and classiﬁcation of background points can be found in the Supplementary material.









A 14 Oct 2014 89 (no BG points) 421 −0.42 9.6





















































TD  24 Oct 2014 132 101
hrough a quality control process to remove invalid (negative) and
uplicate measurements.
.2. Soil gas
.2.1. Soil gas samples
Sixteen permanent and two temporary background soil gas
ells (locations in Fig. 1) were installed using a direct-push Geo-
robe, and the hole ﬁlled in with alternating sand and gypsum
ement. Wells were generally installed with a screened interval
t 0.5–0.6 m depth, except at location 2 where additional soil gas
ells were installed at depths of 1.0 m and 1.5 m to provide a depth
roﬁle.
Gas samples for laboratory composition analysis were collected
or a subset of the 18 wells, covering low and high seepage zones,
 depth proﬁle, and background samples. Samples were collected
n Cali-5-bond sample bags on 25 October 2014 for composition
nalyses. The wells were purged, left to equilibrate for 20 min, then
amples collected by Swagelok syringe extraction. Samples were
hipped back to Australia and analysed by Geoscience Australia on
4 January 2015.
Molecular compositions of the natural gases for C1–C5 and C6+
ydrocarbons, N2, CO2, and Ar + O2 were determined using an Agi-
ent 6890 gas chromatograph equipped with a combination of
acked columns and thermal conductivity detector (TCD) using
e as the carrier gas. The detection limit was 0.01 mol% for most
arameters, with the exception of ethane which had a detection
imit of 0.1%. The concentration of He and H2 were determined
sing the same gas chromatograph but using Ar as a carrier gas.
he detection limits were 0.01 ppm for both H2 and He. Calibration
as carried out against two certiﬁed reference materials. Mea-
urements were corrected for response factors from gas standards,
eference samples, and any introduced N2 and O2 during analysis.
ample measurements of O2 may  include a minor Ar contribution
s this could not be separated during the analysis. The maximum
ariation in each measured component was 5% of the reading.
The 13C of CO2 was measured using a gas
hromatograph—isotope ratio mass spectrometer (GC-IRMS)
ystem (Thermo Scientiﬁc Ultra Trace GC linked to a Thermo
cientiﬁc MAT  253 IRMS). The CO2 component in the gas samples
as chromatographically separated using a PolaPLOT Q capillary
olumn (27.5 m × 0.32 mm ID ﬁlm thickness 10 m;  Agilent) with
ltra High Purity (UHP) helium as a carrier gas at a constant
ow rate of 1.8 mL/min. According to the concentration of CO2
n gas samples, the injection volume (up to 250 L) and split
atio (25:1–200:1) were determined to achieve at least a signal
mplitude of 300 mV  from the IRMS. The cryogenic technique with
iquid nitrogen was used to trap the sample with low concentra-
ions of CO2. Gas samples were injected manually through the
plit/splitless injector in which the temperature was  held at 150 ◦C.
he 13C values are reported relative to Vienna Pee Dee Belemnite0.007
0.28
53.2
(VPDB). All analyses were run as a minimum in duplicate with a
maximum experimental error of 0.3‰.
2.2.2. Soil gas surveys
Two  portable soil gas surveys were carried out on 18 October
2014 and 21 October 2014 (see Appendix A) using a Geotech
GA5000, which measures soil CO2 concentrations using an infrared
CO2 sensor (accuracy 1.5%) and soil O2 concentration using an elec-
trochemical O2 sensor (accuracy of 1%). Each soil gas well was
pumped prior to sampling and a measurement was taken once
readings had stabilised. N2 concentration was  approximated as the
balance of the remaining gas, for application of the method by
Romanak et al. (2012). This implicitly assumed a negligible con-
tribution of Ar in the soil gas. In addition, it was assumed that CH4
and heavier hydrocarbons made up a negligible contribution to the
balance gas. This assumption was  tested prior to conducting the soil
gas surveys via spot gas sampling using the Geotech GA5000. No
CH4 was detected and this was validated following the surveys with
negligible CH4, heavier organics, He or H2 concentrations detected
during the laboratory analyses. In-ﬁeld reference checks with CO2
calibration gases found that the calibration of the instrument was
slightly out and typically underestimated the CO2 concentration
by 2–4% of the CO2 reading. The performance against calibration
gases was variable between days and repeat measurements, which
meant no consistent correction of the CO2 measurements could be
applied. It suggests that the ﬁeld accuracy of the CO2 sensor for
these surveys was  4%.
2.3. Soil chemistry
A total of four shallow soil samples were collected from two
background locations and two  proximal leak sites (with surface soil
mineralisation) in 2005. 1.0 kg samples were collected at 5–10 cm
depth, prepared and analysed by Northwest Institute of Plateau
Biology, Chinese Academy of Sciences.
The soil nitrogen content was  determined using a modiﬁed Kjel-
dahl method. A 1 g, 0.149 mm sieved, air-dried soil sample was
digested in 5 mL  of concentrated sulfuric acid in a digestion ﬂask.
To this 2 g of a catalyst mixture was added and heated with an
electric thermostat. The mixture was  boiled for 85–90 min and
then allowed to cool. Two reagent blank tests were conducted. The
contents of the ﬂask were transferred to a distillation apparatus
and the digestion ﬂask rinsed with water 4–5 times, ensuring that
the total transferred volume did not exceed 40 mL.  To a 150 mL
Erlenmeyer ﬂask, 5 mL  of 20 g/L boric acid was added and the
ﬂask was  placed under the condenser of the distillation appara-
tus. 20 mL  of 400 g/L sodium hydroxide was  slowly transferred
into the distillation chamber. The distillation was  typically com-
plete after 50–55 mL  of condensate had been collected, conﬁrmed
using indicator paper. A few drops of mixed indicator were added to
88 I.F. Schroder et al. / International Journal of Greenhouse Gas Control 54 (2016) 84–95






















Bentroids, using a threshold of 12 m,  and their distributions plotted against the secon
atching  from within the ‘distal to leak’ subset. (Right) QQ plots of soil ﬂux measur
ux  measurements against their corresponding theoretical normal quantiles. Signiﬁ
he distillate and titrated with 0.02 M hydrochloric acid to a violet
ndpoint.
Total phosphorus was determined using a reﬂux method. A
.25 g, 0.149 mm sieved, air-dried soil sample was added to a
00 mL  Kjehdahl ﬂask. The sample was moistened with 1 drop of
ater followed by the addition of 3 mL  of concentrated sulfuric acid
nd 10 drops of concentrated chloric acid. The mixture was heated
ith an electric thermostat until it turned transparent, boiled for
n additional 20 min, and then allowed to cool. The contents of
he digestion ﬂask were transferred to a new ﬂask and diluted to
00 mL  with water. To a 50 mL  volumetric ﬂask, 5–10 mL  of the
upernatant digested mixture, 15–20 mL  of water, and 1 drop of 2,4-
initrophenol was added. A small quantity of 4 M sodium hydroxide
as added to adjust the solution to a yellow colour and 0.5 M sul-
uric acid was then added to re-adjust the solution pH to achieve a
ery pale yellow colour. 5 mL  of Mo/Sb colour reagent was  added
nd total volume was then diluted to 50 mL  with water and the mix-
ure shaken. After 30 min, the absorption was measured in a 2 cm
uvette at 700 nm using a Cary 300 UV–Vis spectrophotometer.
Organic carbon was determined using a modiﬁed Walkley-
lack procedure. In a test tube, 10 mL  of 0.4 M potassiumxis. Background measurements used for ﬂux interpolation are highlighted by cross-
ts for Survey C and D, prior to splitting into subsets. The y-axis shows standardised
deviation from the 1:1 line indicates loss of normality.
dichromate—sulfuric acid solution was added to 0.1 g, air-dried soil
sample. The test tube was heated to 170 ◦C in an oil bath for 5 min.
The contents of the test tube were then transferred to a 250 mL
ﬂask and the digested material diluted to 50 mL  with water. To the
mixture, 3 drops of phenanthroline indicator were added and the
mixture was titrated with 0.203 M ferrous sulfate.
For selected major and trace elements, a 0.1 g, air-dried soil sam-
ple was placed in a Teﬂon crucible and moistened with a small
amount of deionized water. To this, 3 mL  of hydrochloric acid and
2 mL  nitric acid were added, the mixture shaken, and left to stand
overnight. The mixture was then heated using an electric heating
plate at 110 ◦C for 1 h. 3 mL of hydroﬂuoric acid and 1 mL  of per-
chloric acid were added and the temperature increased to 130 ◦C
heating for an additional 2 h. When the volatile acid digestion solu-
tion was  nearly dry it was  removed and allowed to cool. 1 mL  aqua
regia was  added to the crucible, the dissolved salts transferred to
a 1000 mL  volumetric ﬂask, and diluted to 1000 mL  with 2% dilute
nitric acid. The solution was shaken and then analysed using an
Agilent 725-ES Inductively Coupled Plasma-Optical Emission Spec-
trometer.




























































Composition of laboratory-analysed soil gas samples collected at the Qinghai
research site (location of samples is shown in Fig. 1).
Sample ID 2a 2b 2c 4 7 14 BG1 BG2
Sample depth (m)  0.5 1.0 1.5 0.5 0.5 0.5 0.5 0.5
CO2 (%) 9.82 19.0 60.3 62.7 1.8 67.9 0.28 0.13
N2 (%) 71.2 63.9 31.3 29.3 77.0 25.0 78.9 79.1
O2 + Ar (%) 18.8 16.9 8.4 8.0 21.1 7.0 20.8 20.7
He (ppm) 1060 550 110 160 70 120 70 60
H2 (ppm) 1 12 3 4 3 2 4 3
Methane (%) <0.01 <0.01 0.01 0.01 0.01 0.01 0.01 <0.01
Ethane (%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
>=Propane (%) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01I.F. Schroder et al. / International Journa
. Results
.1. Soil ﬂux
.1.1. Distribution of measurements
To evaluate the distribution of the ﬂux data, histograms and
umulative probability plots were prepared for Surveys C and D
Fig. 3), in line with work presented by Elío et al. (2013). The log
ux measurements are skewed to the left with a heavy upper tail.
oth surveys are non-normally distributed, with p-values of 0.022
nd <0.001 for Surveys C and D respectively using the Anderson-
arling test for normality. However, when the data was  split into
wo subsets based on proximity to the centroid of each leak location
the centroid locations were found to be consistent between sur-
eys) it was found the data could be approximated by two  normal
istributions. A threshold of 12 m from the leak centroids was  found
o give the best ﬁt for both of the two data subsets (labelled prox-
mal and distal to leak), using Anderson-Darling test for normality
p-values for Survey C (distal; 0.29, proximal: 0.89) and Survey D
distal: 0.65, proximal: 0.14)).
.1.2. Flux interpolation
An estimate of the total leak rate was prepared for each soil
ux survey using in-house Python 2.7 scripts (see Supplementary
aterial). The estimate was calculated from the volume between
he interpolated leak surface and interpolated background surface
Fig. 4). The background emission surface was generated by inter-
olating a linear surface across background ﬂux measurements at
he edges of the survey area. Background points were required to
e a minimum of 5 m from the nearest measurement identiﬁed
s leak derived, and their distribution is highlighted in Fig. 3 with
ross-hatching. The leak surface (all data points) was  ﬁtted by cubic
nterpolation, as this best ﬁt the extremely peaked distribution
ssociated with the centre of the leak.
.1.3. Flux magnitude and location
A summary of the four soil ﬂux surveys is provided in Table 1.
he total leak rate over the ﬁeld ranged from 421 to 1015 kgCO2/d.
he average CO2 ﬂux over the seep area was 0.25–0.42 kg/m2/d,
ith peak ﬂuxes measured of 9.6–53.2 kg/m2/d. Background CO2
uxes ranged from 0.007 to 0.011 kg/m2/d. The larger leak rates
stimated in Surveys C and D compared with Survey A are in part a
esult of the higher spatial density of sampling around the leak cen-
roids, which allowed us to better map  the extent of the high-ﬂux
one and locate the peak ﬂux. It must be noted that these leak rates
re lower-bound estimates for several reasons: the chamber could
ot be used safely to measure emissions from the bubbling depres-
ion in the ﬁeld; the ﬂuxes associated with spikes in CO2 had to be
emeasured or ﬂux estimated with a poor ﬁtting linear regression;
nd the potential inﬂuence of soil and pressure conditions when
sing a closed accumulation chamber method has been found to
nderestimate ﬂuxes (Kutzbach et al., 2007).
Soil ﬂux maps from Surveys C and D are a useful way  for display-
ng the spatial distribution of the CO2 leak (see Fig. 5), and provide
he best estimate of the total emission rate across the ﬁeld. There
re a high density of measurements in the leak zones compared
ith the typical soil ﬂux survey, and their extent is constrained on
ll sides by background measurements. The zone of high ﬂux for
ach leak point is approximately 2–10 m across. An H2O ﬂux map
as also prepared for Survey D (Fig. 5c), with peaks in H2O ﬂux
argely mirroring the peaks of CO2 ﬂux associated with the leak
reas. The H2O ﬂux does not exhibit the same exponential increase
n ﬂux towards the centre of the leak, unlike CO2, and reaches a
eak H2O ﬂux of 4.9 kg/m2/d. The background H2O ﬂuxes in the
urrounding ﬁeld ranged from 0.3 to 0.7 kg/m2/d. The difference in
he northern part of the ﬁeld is presumed to be a consequence ofCO2 13C (‰) −0.95 −1.8 −1.4 −0.21 −1.7 −0.22 −16.3 −14.2
CO2 13C std (‰) 0.089 0.095 0.075 0.18 0.46 0.27 0.48 0.55
the drainage system that has been installed in that area, which is
collecting upwelled water in the subsurface and thus reducing H2O
ﬂux.
3.2. Soil gas
The composition of the eight laboratory-analysed soil gas sam-
ples is presented in Table 2. Soil CO2 concentrations were highest
within the high-ﬂux zones, and exceeded upper background limits
for typical soil climes (of 0.2–4%) across the ﬁeld (Schlömer et al.,
2014; Rose et al., 1979; Richter, 1986). This was the case in all but
sample 7 (1.8%), which was located outside of the two high-ﬂux
zones, and the background samples BG1 and BG2 (0.28%, 0.13%).
Measurements from the depth slice in the northern high-ﬂux zone
(samples 2a–c) highlight a trend of increasing soil CO2 concentra-
tion with depth. This may  reﬂect the diffusion and mixing of the CO2
source with the atmosphere in the shallower samples, or pooling
of CO2 at depth (above the water table) due to the greater density
of CO2 compared to air. Besides low levels of methane, no other
hydrocarbons were detected.
The stable 13C CO2 clearly differentiates the leakage wells
from the background samples. The background samples lie in the
−14 to −17‰ range, which likely represents mixing between soil
CO2 derived from C3 plants’ soil organic matter (∼−22‰),  mixed
with rural atmospheric CO2 (∼−7.8‰)  in near equal proportions
(Boutton, 1991). The leak samples lie in the −2 to −0‰ range,
with an intercept of −0.83‰ derived from a Keeling plot, assuming
one isotopically distinct source for the CO2. Given the absence of
elevated concentrations of hydrocarbon gases, it suggests a non-
petroleum based CO2 source such as the thermal breakdown of
marine carbonates (−3.5 to +3.5‰)  (Wycherley et al., 1999; Huang
et al., 2015). The rate of N2 and O2 declines with CO2 increase in
the soil gas samples is linear (Fig. 6). This decline is in proportion to
the relative starting compositions of each gas species, which would
suggest the dominant control on soil gas composition is dilution of
a near pure CO2 source mixing in variable parts with the in-situ
soil gas. A positive relationship was  evident between He concen-
tration and CO2 concentration, and, although He isotopes were not
analysed (which may  have provided a clearer indication of source
(Sorey et al., 1998)), the presence of elevated He suggests an exoge-
nous magmatic or crustal source.
By comparing the concentrations of CO2 with O2 and N2 in each
sample as outlined in the Romanak et al. (2012) process-based
approach for identifying the CO2 source (Fig. 6), it is clear the addi-
tion of CO2 to the system is not a result of CO2 dissolution within
the soil, biological respiration, nor the oxidation of CH4. In both ﬁg-
ures the samples plot along a leakage trend line towards 0% O2/N2
and 100% CO2, as seen in Beaubien et al. (2008). All non-background
samples in Fig. 6b lie to the right of the biological mixing line, indi-
cating exogenous addition of CO2. This is mirrored in Fig. 6a, which
would have positive deviations to N2 (above of the blue dashed
90 I.F. Schroder et al. / International Journal of Greenhouse Gas Control 54 (2016) 84–95
Fig. 4. A 3D surface showing the distribution of the two major leak centres generated using cubic interpolation of Survey D’s soil ﬂux measurements. The white dashed line
shows the outline of the ﬁeld. The white dots are the soil ﬂux sampling points. The lateral extent of the surface highlights the bounds of the surface area integrated under to







sig. 5. Interpolated maps of soil CO2 ﬂux (in g/m2/d) surveys conducted at the Qin
aps has been log-transformed. (a) CO2 ﬂux map  for Survey C. (b) CO2 ﬂux map  for
ine) if CO2 was sourced from dissolution of CO2 associated with
roundwater recharge.More complete soil gas coverage of the ﬁeld was  possible using
he portable gas analyser (with results presented in Appendix A).
ear to the southern leak zone (soil gas wells 13 and 14), portable
oil gas measurements frequently exceeded 95% soil CO2 concen-research site, showing clearly the 2 main leak zones. Note the data in the CO2 ﬂux
y D. (c) H2O ﬂux map  for Survey D.
tration. Data sourced from the portable gas analyser mirror the
trends of those samples analysed in the laboratory, with only a
small offset. An offset and poorer accuracy were expected in the
portable results, as testing performance against calibrated CO2
mixtures in the ﬁeld gave errors of 2-4 percentage points of CO2
concentration. Measurements on different days and at different
I.F. Schroder et al. / International Journal of Greenhouse Gas Control 54 (2016) 84–95 91
Fig. 6. (a) CO2 versus N2 concentration for soil gas samples at Qinghai research site. Dashed line indicates atmospheric N2 concentration. Decrease in N2 concentration below
atmospheric values may  indicate exogenous gas input (Romanak et al., 2012); (b) Plot of O2 vs CO2 concentration for soil gas samples. BG samples are highlighted in yellow.
T et from Romanak et al. (2012) shows the relative gas ratios consistent with the different

































Fig. 7. Background versus mineralised soil samples collected at the Qinghai researchhe  red line equate to the biological respiration line highlighted in the inset. The ins
ypes  of CO2 sources. The laboratory O2 concentrations may  include a small contrib
s  referred to the web version of this article.)
imes within a day, comparing both portable and laboratory gas
esults for gas wells in the CO2 leak zone (wells 2–4, 9–14), rou-
inely showed that both ﬁeld and laboratory analysis conﬁrmed
ariations of 10–30+ percentage points of CO2 concentration for the
ame soil gas well. Nevertheless, the results from the portable anal-
ser could be used to quickly assess whether the observed CO2 was
n exogenous source. Based on the results given in Fig. 6, we would
onsider a CO2 concentration for portable soil gas measurements
nd laboratory measurements of approximately 5% and 2% respec-
ively as the minimum concentration where the gas ratio technique
eliably indicates an exogenous input for the Qinghai research site.
.3. Soil chemistry
There are several key differences apparent in the chemistry of
he soil samples that have experienced surface carbonate miner-
lisation compared to non-impacted, background samples (Fig. 7).
he leak samples have a strong depletion in soil organic matter and
mall depletion in total phosphorus, Mg  and Ti. There is a slight Fe
nrichment but strong Ca enrichment compared to the background
amples. Leak sample 1, which has a much higher degree of miner-
lisation, is also depleted in Cr, Cu, V, K, Na, Al and Ba compared to
he background samples The muted presence of alkali and alkaline
arth metals (barring Ca) in the more strongly mineralised Leak 1
ample indicates that calcite is the predominant carbonate mineral
nd is indicative of in situ low temperature travertine formation
Pentecost, 2005).
. Discussion
.1. Leak variation across different scales
The best estimate leakage rates measured at the Qinghai
esearch site of 649–1015 kgCO2/d were much higher than those
chieved at the various controlled release facilities to date
3.6 kgCO2/d at the CO2 Field Lab in Brazil (Moreira et al., 2014),
44–218 kgCO2/d at Ginninderra, Australia (Feitz et al., 2014),
00 kgCO2/d at the ZERT facility, USA (Spangler et al., 2010),site as a percentage of total sample.TN = total nitrogen, TP = total phosphorus,
OM = organic matter.
420 kgCO2/d at the CO2 Field Lab, Norway (Jones et al., 2014)). How-
ever, the Qinghai research site’s emissions are small compared with
diffuse soil degassing from volcanic systems (e.g. 46–136 tCO2/d
at Mammoth Mountain, USA (Gerlach et al., 2001), 350 tCO2/d at
Latera Caldera, Italy (Chiodini et al., 2007), 20–91 tCO2/d for soil
degassing of Vulcano island, Italy (Inguaggiato et al., 2012)). Con-
sequently, emissions from the Qinghai research site occupy a useful
middle ground as a natural CO2 analogue, in the range one could
expect for a small direct 0.1% leak to the surface of a 1 MtCO2/yr
storage facility. The high-ﬂux zones are not directly above or sur-
rounding the abandoned well, but express at the surface 20–50 m
away from the well. Similar lateral migration has been observed in
CO2 releases at the CO2 Field Labs in Brazil and Norway (Moreira
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t al., 2014; Jones et al., 2014); however, this is in contrast to
ther well-based analogues presented in the Paradox Basin, USA,
hich remain centred on the wellhead (Evans et al., 2004; Shipton
t al., 2006). This highlights the complexity of the system we  are
rying to monitor. From natural analogues and these controlled
xperiments it has been identiﬁed that lateral movement of CO2
epends on numerous factors, including the method of well failure
i.e. leakage along the well annulus or casing failure), the depth
t which well failure occurred, subsurface geological structures,
ear-surface soil structures, groundwater level, gas pressure and
eteorological drivers. All of which contribute to the variability
nherent between soil ﬂux surveys.
The source of the variability between soil ﬂux surveys, which
s seen in the range of peak CO2 ﬂuxes, average ﬂux estimates,
nd leak rates (Table 1), is likely several-fold. The precision asso-
iated with conducting accumulation chamber ﬂux measurements
rom manufacturer speciﬁcations (West Systems) is 10–15% (for
he range of ﬂuxes measured in this study), thus we lose the abil-
ty to conﬁdently attribute small variations between surveys to
on-instrumental or method factors. The coefﬁcient of variation
or the emission rate between the four surveys is 24%, which sug-
ests that some of variation in the surveys can be attributed to
on-instrumental uncertainty. The most likely drivers of this vari-
tion in surface ﬂuxes are meteorological effects, which has been
ocumented at several ﬁeld and test sites (Lewicki et al., 2007;
inaldi et al., 2012). Additional effects include soil moisture and
ater table inﬂuences, which are discussed further in Section 4.2.
Short term variations in the leakage ﬂux is evident from obser-
ations of changing bubbling rates in the sinkhole in the ﬁeld and
rom the presence of CO2 spikes in the soil ﬂux surveys. This varia-
ion exhibited some periodicity during the survey, at times pulsing
ith higher ﬂuxes approximately every 10 min. The precise mech-
nism for the periodic behaviour is unclear. One hypothesis is that,
ithin the subsurface gas system, CO2 ﬂow to the surface is being
etarded by formation of thin carbonate crusts within the pores of
he vadose zone. The crusts cause a build-up in pressure until a tip-
ing point is exceeded, at which point the crusts crack and pressure
s released. This in part would depend on the availability of Ca from
he upwelled water to ensure supersaturation with respect to cal-
ite, and appropriate nucleation sites within the pores, which may
onsist of more slowly formed seed crystals (Sanjuan and Girard,
996). Another possible mechanism for the observed periodicity is
wo-phase ﬂow hydrodynamics.
The pattern of water vapour ﬂuxes across the leak showed good
greement with CO2 ﬂux distribution and suggests that, in some
eak scenarios, water vapour can be used as a proxy for escaping gas.
erner et al. (2004) showed a loose linear relationship between log
O2 ﬂux and modelled H2O ﬂux in geothermal ﬁelds, which is sim-
lar to what was identiﬁed at this research site. The effect of the
rainage system in inhibiting surface water ﬂuxes across part of
he Qinghai ﬁeld site prevented exploring this relationship in more
etail. It is interesting to consider, however, the possible source
f the water; whether from the same CO2 reservoir, or a func-
ion of the CO2’s passage through the water table, as this would
mpact the application of proxy measurements to different envi-
onmental conditions. For example in more arid climates, upwelled
ater may  cause local vegetation hotspots, where we  would not
xpect to see such an H2O signal from a deep water table. Addi-
ionally, such localised, high water ﬂux features may  be able to be
etected using remote sensing technologies, such as hyperspectral
canners, and act as a proxy for potential CO2 leakage. The slightly
levated temperature of the upwelled water compared with sur-
ounding groundwater for the Qinghai research site suggests the
ater is sourced from the same reservoir that the CO2 is hosted in.
owever, surveys at the Australian controlled release facility iden-
iﬁed elevated water ﬂuxes coincident with peaks in CO2 ﬂux, andeenhouse Gas Control 54 (2016) 84–95
were associated with CO2 bubbling through the water table approx-
imately 2.0 m below the ground surface (Schroder et al., 2016).
Considering that little research has been applied to H2O ﬂuxes asso-
ciated with subsurface gas leaks, the relationship between H2O and
CO2 transport at the surface needs further investigation, including
the role of the water source (be it reservoir or shallow groundwater
derived) and the magnitude of the surface H2O ﬂuxes in different
climatic environments.
4.2. Long term gas migration
Longer-term leak variation has also been captured at the Qing-
hai research site, with the southern high-ﬂux zone having migrated
southeast by ∼20 m over 11 years. This is evidenced by surface
travertine formation reaching depths >30 cm, beyond the areas of
current CO2 ﬂux.
There are several possible causes for this migration which are
worth investigating. Work conducted at controlled CO2 release
experiments has identiﬁed that ﬂow pathways and mechanisms
(advective versus diffusive) in the vadose zone are strongly
inﬂuenced by the interaction of shallow permeable soil layers
interacting with groundwater level and capillary pressure in the
unsaturated zone (Oldenburg et al., 2010; Feitz et al., 2014).
Bernardo and De Vries (2011) and Jones et al. (2014) encountered
depressed CO2 soil ﬂuxes associated with an elevated water table
and thus water-logged soil, as a consequence of reduced pore space
and the suppression of molecular diffusion of the CO2 gas. This may
have implications at the site if there are strong annual/multiannual
climate variations for the area, or if development of the river
catchment has changed groundwater levels and ﬂow pathways.
Otherwise, we may  be seeing deeper ﬂow pathways seal them-
selves with carbonate precipitation, triggered by reduction in CO2
partial pressure as CO2-charged waters move toward the surface
and become supersaturated with respect to carbonates as has been
evidenced in the Salt Wash fault system of the Paradox Basin, USA
(Parry et al., 2007).
As well as fracture resealing, other mechanisms are likely acting
at larger and longer time-scales within the Qaidam Basin to account
for the migration of several large and old natural (>10 tCO2/d) seeps.
For example, anecdotal evidence from residents in the area, sup-
ported by the presence of large stranded travertine deposits, has
shown one natural seep to have jumped several times laterally,
moving more than 500 m in the past 50 years. This raises an impor-
tant point regarding a monitoring program of a CCS site: we can’t
expect leaks to occur in isolation. For an effective CCS risk frame-
work, monitoring must account for the total leakage across the
storage basin, necessitating the need both for appropriate monitor-
ing for leak detection and quantiﬁcation (Pollak and McCoy, 2011),
but also the requirement for remediation and mitigation plans if
excessive leakage is identiﬁed (Benson and Hepple, 2015).
4.3. Implications of soil ﬂux survey design
Soil ﬂux surveys are largely seen as one of the baseline tech-
niques for understanding a leakage system at the soil-atmosphere
interface and can take on different roles in a CCS monitoring pro-
gram, i.e. locating and quantifying emission sources. The goals of
location and quantiﬁcation are quite different. Locating a leak seeks
to cover a large area as quickly as possible, which for point mea-
surements requires the minimum sampling density with sufﬁcient
resolution to detect a certain size leak. Quantiﬁcation of a leak needs
a high sampling density in a small area across the leak to provide
the best spatial resolution. However, frequently we are seeing low-
density soil ﬂux surveys applied to determining an emission rate.
This can be an issue as these surveys lack detail in the high-ﬂux
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imation of emissions (or overestimation if the survey encounters
he peak ﬂux).
In this study, the goal of quantiﬁcation of emissions was the
eading purpose for the soil ﬂux surveys, allowing us to design a
ampling method to achieve the best balance between coverage
nd resolution. The use of an irregular sampling regime for the pur-
oses of quantiﬁcation can be developed further by using one or
ore tiers of adaptive sampling (also known as progressive sam-
ling), in which a regular low density sampling grid is subdivided
nto greater density, but only around measurements that exceed a
redeﬁned threshold. The advantage of a more formalised adaptive
ampling method is that unbiased estimators of mean and vari-
nce can be derived (Stein and Ettema, 2003; Thompson and Seber,
996). In addition, to ensure we account for the natural variabil-
ty in emission rate arising due to atmospheric, soil and geological
actors, multiple soil ﬂux surveys need to be conducted, ideally sup-
lemented with permanent soil ﬂux monitoring chambers in key
ocations at the surface (Viveiros et al., 2014) or within the soil
roﬁle (Bernardo and De Vries, 2011).
If the goal were to detect and locate a CO2 leak, we would nat-
rally have a monitoring program to monitor the high-risk leak
reas such as wellheads. The signiﬁcant 20–50 m migration of the
eak away from the wellhead in this study highlights that soil ﬂux
urveys cannot just focus on the area immediately surrounding the
ellhead. This limits the effectiveness of long-term continuous soil
ux surveys installations as the primary detection method, as much
reater areas need to be surveyed with sufﬁcient sampling density
o have conﬁdence in detecting a CO2 leak.
.4. Suitability of portable soil gas measurements
The process-based approach of Romanak et al. (2012) was a valu-
ble tool for being able to quickly identify a CO2 source from soil gas
easurements, utilising the ratios of major gas species. The method
as found to perform equally well with both in situ measurements
nd laboratory analyses, and identiﬁed that the two  high-ﬂux zones
n the ﬁeld related to the same exogenous CO2 input. Romanak
t al. (2015) highlighted the limitations of current commercially
vailable sensors for application in the ﬁeld of the process-based
oil gas method for attributing CO2 leakage source. We  similarly
aw poorer performance of our portable gas analyser relative to
he sensor’s speciﬁcations, including a non-linear response across
he concentration range. However, provided the concentrations did
ot lie close to the boundaries between CO2 dissolution, biological
espiration, methane oxidation and exogenous input, the results of
his study suggests that application of portable gas analysers can be
ffective for characterising the soil gas. The advantages of getting
esults more quickly and in real time mean more measurements
an be taken spatially and temporally, which can offset any loss in
esolution at low concentrations. Laboratory analysis is still a useful
ool to conﬁrm ﬁeld measurements and constrain the origin of the
as at lower concentrations, especially when analysis of isotopes
r tracers can be employed to identify the source of the CO2.
. Conclusions and implications for CCS monitoring
The Qinghai research site is a valuable monitoring research facil-
ty, providing a leakage analogue for a failed wellbore at which the
sefulness of soil ﬂux and soil gas surveys can be evaluated. The
oal of the soil ﬂux monitoring is important in setting the survey
ampling design, with a systematic regular pattern best served for
etecting a leak, while an irregular sampling regime with higher
ampling density in the high-ﬂux zones is best served for quantiﬁ-
ation. Both sampling strategies were deployed to fully characterise
he leak distribution and intensity. Using a cubic interpolation ofeenhouse Gas Control 54 (2016) 84–95 93
the high density ﬂux surveys, after removing a linear interpolated
background CO2 ﬂux contribution, the leakage rate was estimated
at 650–1015 kgCO2/d. The natural variation in the rate of CO2 efﬂux,
which is a combination of atmospheric, soil and geological inﬂu-
ences, means that multiple surveys are required to obtain a good
estimate of the true emission rate. Initial results suggest H2O ﬂux
surveys could be used as a proxy for CO2 leaks under certain con-
ditions, and is an area that warrants further research.
Romanak et al.’s (2012) process-based approach for soil gas
measurements was successfully applied using a portable multi-gas
analyser, agreeing well with laboratory analyses. The satisfactory
performance of a portable gas analyser for generating in-ﬁeld CO2
source estimates paves the way  for real-time assessments of poten-
tial leakage associated with CCS.
Although wells are considered high-risk migration pathways
(relative to other leak scenarios), this research site again highlights
the signiﬁcant amount of lateral gas migration that can occur from
the wellbore even at relatively shallow depths. This challenges
every CCS monitoring and veriﬁcation program to be capable of
monitoring larger areas with the requisite sensitivity and sampling
density to detect a leak of concern. Being point measurements, nei-
ther soil ﬂux surveys nor soil gas measurements are well suited for
this role; their strength lies with surveying and characterising an
identiﬁed potential leak site.
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Appendix A.
Portable Soil Gas Survey with the GA5000, 18 October 2014 (Left)
and 21 October 2014 (Right). N2 is estimated as the balance of the
remaining gas. No hydrocarbons were detected during the
surveys. Sample IDs correspond to well locations highlighted in
Fig. 1. Samples 1, 2a and 3 on 18 October did not record O2
measurements.
Sample ID CO2 (%) O2 (%) N2 bal. (%) Sample ID CO2 (%) O2 (%) N2 bal. (%)
1 7.4 – – 1 7.3 18.5 74.2
2a 17.3 – – 2a 15.5 18.3 66.2
3 20.6 – – 2b 32.3 13 54.7
4 67.4 8 28.6 2c 79.5 5.6 14.9
5 5.3 18.1 89.7 3 23.1 15.6 61.3
6 3.9 17.5 90.1 4 86.6 7.3 6.1
7 3 17.6 90 5 6 18.2 75.8
8 5 17.9 87 6 6.3 18.8 74.9
9 34.1 12.9 56.9 7 4.1 18.8 77.1
10 25.9 14.4 64.1 8 7.1 18.2 74.7
11 71 6.7 18 9 71.2 7.1 21.7
12 42.1 11.7 45.9 10 30.5 14.7 54.8
13 99.8 0.1 0.1 11 51.6 10.6 37.8
14 77.9 5.8 8.1 12 48.4 11.1 40.5
13 100 0 0
14 97 2.8 0.2
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ppendix B. Supplementary data
Supplementary data associated with this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.ijggc.2016.07.
30.
eferences
achu, S., Celia, M.A., 2009. Assessing the Potential for CO2 Leakage, Particularly
Through Wells, from Geological Storage Sites, Carbon Sequestration and Its
Role in the Global Carbon Cycle. AGU Monograph, pp. 203–216.
eaubien, S., Ciotoli, G., Coombs, P., Dictor, M.C., Krüger, M.,  Lombardi, S., Pearce, J.,
West, J., 2008. The impact of a naturally occurring CO2 gas vent on the shallow
ecosystem and soil chemistry of a Mediterranean pasture (Latera, Italy). Int. J.
Greenh. Gas Control 2 (3), 373–387.
eaubien, S., Jones, D., Gal, F., Barkwith, A., Braibant, G., Baubron, J.-C., Ciotoli, G.,
Graziani, S., Lister, T., Lombardi, S., 2013. Monitoring of near-surface gas
geochemistry at the Weyburn, Canada, CO2-EOR site, 2001–2011. Int. J.
Greenh. Gas Control 16, S236–S262.
enson, S., 2006. Carbon Dioxide Capture and Storage: Assessment of Risks from
Storage of Carbon Dioxide in Deep Underground Geological Formations.
Lawrence Berkeley National Laboratory.
enson, S.M., Hepple, R.P., 2015. Prospects for early detection and options for
remediation of leakage from CO2 storage projects. In: Thomas, D.C., Benson,
S.M. (Eds.), Carbon Dioxide Capture for Storage in Deep Geologic
Formations-results from the CO2 Capture Project: Volume 2: Geologic Storage
of  Carbon Dioxide with Monitoring and Veriﬁcation. Elsevier.
ernardo, C., De Vries, D., 2011. Permanent shallow subsoil CO2 ﬂux chambers for
monitoring of onshore CO2 geological storage sites. Int. J. Greenh. Gas Control 5
(3), 565–570.
outton, T.W., 1991. Stable carbon isotope ratios of natural materials: II.
Atmospheric, terrestrial, marine, and freshwater environments. In: Carbon
Isotope Techniques., pp. 173–185.
hiodini, G., Cioni, R., Guidi, M.,  Raco, B., Marini, L., 1998. Soil CO2 ﬂux
measurements in volcanic and geothermal areas. Appl. Geochem. 13 (5),
543–552.
hiodini, G., Baldini, A., Barberi, F., Carapezza, M.,  Cardellini, C., Frondini, F.,
Granieri, D., Ranaldi, M.,  2007. Carbon dioxide degassing at Latera Caldera
(Italy): evidence of geothermal reservoir and evaluation of its potential energy.
J.  Geophys. Res.: Solid Earth 112 (B12).
onley, S., Franco, G., Faloona, I., Blake, D., Peischl, J., Ryerson, T., 2016. Methane
emissions from the 2015 Aliso Canyon blowout in Los Angeles, CA. Science 351
(6279), 1317–1320.
lío, J., Nisi, B., Ortega, M.,  Mazadiego, L., Vaselli, O., Grandia, F., 2013. CO2 soil ﬂux
baseline at the technological development plant for CO2 injection at Hontomin
(Burgos, Spain). Int. J. Greenh. Gas Control 18, 224–236.
vans, J.P., Heath, J., Shipton, Z.K., Kolesar, P.T., Dockrill, B., Williams, A., Kirchner,
D., Lachmar, T.E., Nelson, S.T., 2004. Natural leaking CO2-charged systems as
analogs for geologic sequestration sites. In: Third Annual Conference On
Carbon Capture And Sequestration, Alexandria, VA.
eitz, A., Jenkins, C., Schacht, U., Mcgrath, A., Berko, H., Schroder, I., Noble, R.,
Kuske, T., George, S., Heath, C., Zegelin, S., Curnow, S., Zhang, H., Sirault, X.,
Jimenez-Berni, J., Hortle, A., 2014. An assessment of near surface CO2 leakage
detection techniques under Australian conditions. Energy Procedia 63,
3891–3906.
erlach, T., Doukas, M.,  Mcgee, K., Kessler, R., 2001. Soil efﬂux and total emission
rates of magmatic CO2 at the Horseshoe Lake tree kill, Mammoth Mountain,
California, 1995–1999. Chem. Geol. 177 (1), 101–116.
lobal CCS Institute, 2015. Large Scale CCS Projects. Global CCS Institute.
erzog, H., Caldeira, K., Reilly, J., 2003. An issue of permanence: assessing the
effectiveness of temporary carbon storage. Clim. Change 59 (3), 293–310.
uang, B., Tian, H., Huang, H., Yang, J., Xiao, X., Li, L., 2015. Origin and accumulation
of  CO2 and its natural displacement of oils in the continental margin basins,
Northern South China Sea. AAPG Bull. 99 (7), 1349–1369.
nguaggiato, S., Mazot, A., Diliberto, I.S., Inguaggiato, C., Madonia, P., Rouwet, D.,
Vita, F., 2012. Total CO2 output from Vulcano Island (Aeolian islands, Italy).
Geochem. Geophys. Geosyst. 13 (2).
ones, D., Barlow, T., Beaubien, S., Ciotoli, G., Lister, T., Lombardi, S., May, F., Möller,
I.,  Pearce, J., Shaw, R., 2009. New and established techniques for surface gas
monitoring at onshore CO2 storage sites. Energy Procedia 1 (1), 2127–2134.
ones, D., Barkwith, A., Hannis, S., Lister, T., Gal, F., Graziani, S., Beaubien, S.,
Widory, D., 2014. Monitoring of near surface gas seepage from a shallow
injection experiment at the CO2 ﬁeld lab, Norway. Int. J. Greenh. Gas Control
28,  300–317.
uske, T., Feitz, A., Berko, H., Schacht, U., Schroder, I., Jenkins, C., Noble, R., Zegelin,
S.,  2014. Ginninderra Sub-Surface CO2 Release: Experiment 1, February–May
2012. Cooperative Research Centre For Greenhouse Gas Technologies,
Canberra.
utzbach, L., Schneider, J., Sachs, T., Giebels, M.,  Nykänen, H., Shurpali, N.,
Martikainen, P., Alm, J., Wilmking, M.,  2007. CO2 ﬂux determination by
closed-chamber methods can be seriously biased by inappropriate application
of  linear regression. Biogeosciences 4 (6), 1005–1025.eenhouse Gas Control 54 (2016) 84–95
Leuning, R., Etheridge, D., Luhar, A., Dunse, B., 2008. Atmospheric monitoring and
veriﬁcation technologies for CO2 geosequestration. Int. J. Greenh. Gas Control 2
(3), 401–414.
Lewicki, J., Hilley, G., Tosha, T., Aoyagi, R., Yamamoto, K., Benson, S., 2007. Dynamic
coupling of volcanic CO2 ﬂow and wind at the Horseshoe Lake tree kill,
Mammoth Mountain, California. Geophys. Res. Lett. 34 (3).
Little, M.G., Jackson, R.B., 2010. Potential impacts of leakage from deep CO2
geosequestration on overlying freshwater aquifers. Environ. Sci. Technol. 44
(23), 9225–9232.
McAlexander, I., Rau, G.H., Liem, J., Owano, T., Fellers, R., Baer, D., Gupta, M.,  2011.
Deployment of a carbon isotope ratiometer for the monitoring of CO2
sequestration leakage. Anal. Chem. 83 (16), 6223–6229.
Meier, B., Sharma, S., 2015. Using stable carbon isotopes to track potential leakage
of  carbon dioxide: example from an enhanced coal bed methane recovery site
in  West Virginia, USA. Int. J. Greenh. Gas Control 41, 107–115.
Miyazaki, B., 2009. Well integrity: an overlooked source of risk and liability for
underground natural gas storage. Lessons learned from incidents in the USA.
Geol. Soc. Lond. Spec. Publ. 313 (1), 163–172.
Moreira, A.C.D.C.A., Musse, A.P.S., Do Rosário, F., Lazzarin, H.S.C., Cavelhão, G.,
Chang, H.K., Oliva, A., Landulfo, E., Nakaema, W.M., Melo, C.L., 2014. The ﬁrst
Brazilian ﬁeld lab fully dedicated to CO2 MMV  experiments: from the start-up
to  the initial results. Energy Procedia 63, 6227–6238.
Oldenburg, C.M., Lewicki, J.L., Dobeck, L., Spangler, L., 2010. Modeling gas transport
in  the shallow subsurface during the ZERT CO2 release test. Transp. Porous
Media 82 (1), 77–92.
Oldenburg, C.M., Lewicki, J.L., Hepple, R.P., 2003. Near-Surface Monitoring
Strategies for Geologic Carbon Dioxide Storage Veriﬁcation. Lawrence Berkeley
National Laboratory.
Osman-Elasha, B., Pipatti, R., Agyemang-Bonsu, W.,  Al-Ibrahim, A., Lopez, C.,
Marland, G., Shenchu, H., Tailakov, O., 2005. Chapter 9: implications of carbon
dioxide capture and storage for greenhouse gas inventories and accounting. In:
Metz, B., et al. (Eds.), IPCC Special Report On Carbon Dioxide Capture and
Storage. Cambridge University Press.
Pachauri, R.K., Allen, M.,  Barros, V., Broome, J., Cramer, W.,  Christ, R., Church, J.,
Clarke, L., Dahe, Q., Dasgupta, P., 2014. Climate change 2014: synthesis report.
Contribution of Working Groups I, II And III to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change.
Parry, W.,  Forster, C.B., Evans, J.P., Bowen, B.B., Chan, M.A., 2007. Geochemistry of
CO2 sequestration in the Jurassic Navajo Sandstone, Colorado Plateau, Utah.
Environ. Geosci. 14 (2), 91–109.
Pentecost, A., 2005. Travertine. Springer Science & Business Media.
Perry, K.F., 2015. Natural gas storage industry experience and technology:
potential application to CO2 geological storage. In: Thomas, D.C., Benson, S.M.
(Eds.), Carbon Dioxide Capture For Storage in Deep Geologic
Formations-Results From the CO2 Capture Project: Volume 2: Geologic Storage
Of  Carbon Dioxide With Monitoring And Veriﬁcation. Elsevier.
Pollak, M.,  McCoy, S.T., 2011. Monitoring for greenhouse gas accounting at geologic
sequestration sites: technical and policy considerations. Energy Procedia 4,
5917–5924.
Richter, J., 1986. Der Boden Als Reaktor. Modelle Für Prozesse Im Boden, p. 239.
Rinaldi, A.P., Vandemeulebrouck, J., Todesco, M.,  Viveiros, F., 2012. Effects of
atmospheric conditions on surface diffuse degassing. J. Geophys. Res.: Solid
Earth (1978–2012) 117 (B11).
Romanak, K.D., Bennett, P., Yang, C., Hovorka, S.D., 2012. Process-based approach
to CO2 leakage detection by vadose zone gas monitoring at geologic CO2
storage sites. Geophys. Res. Lett. 39 (15).
Romanak, K., Womack, G., Bomse, D., Dodds, K., 2015. Field paractical guide to
environmental and leak characterisation using a process-based soil gas
monitoring method. In: Gerdes, K.F. (Ed.), Carbon Dioxide Capture for Storage
in  Deep Geologic Formations—Results From the CO2 Capture Project Volume 4:
CCS Technology Development and Demonstration Results (2009–2014). CPL
Scientiﬁc Publishing.
Rose, A.W., Hawkes, H.E., Webb, J.S., 1979. Geochemistry in Mineral Exploration.
Academic Press.
Sanjuan, B., Girard, J.P., 1996. Review of Kinetics Data on Carbonate Mineral
Precipitation. BRGM, pp. 91.
Schlömer, S., Möller, I., Furche, M.,  2014. Baseline soil gas measurements as part of
a  monitoring concept above a projected CO2 injection formation—a case study
from Northern Germany. Int. J. Greenh. Gas Control 20, 57–72.
Schroder, I., Wilson, P., Feitz, A.J., 2016. Evaluating the Performance of Soil Flux
Surveys and Inversion Methods for Quantiﬁcation of CO, in prepration.
Schulz, A., Vogt, C., Lamert, H., Peter, A., Heinrich, B., Dahmke, A., Richnow, H.-H.,
2012. Monitoring of a simulated CO2 leakage in a shallow aquifer using stable
carbon isotopes. Environ. Sci. Technol. 46 (20), 11243–11250.
Shipton, Z.K., Evans, J.P., Dockrill, B., Heath, J., Williams, A., Kirchner, D., Kolesar,
P.T., 2006. Natural Leaking CO., pp. 699–712.
Sorey, M.L., Evans, W.C., Kennedy, B., Farrar, C., Hainsworth, L., Hausback, B., 1998.
Carbon dioxide and helium emissions from a reservoir of magmatic gas
beneath Mammoth Mountain, California. J. Geophys. Res.: Solid Earth 103 (B7),
15303–15323.
Spangler, L.H., Dobeck, L.M., Repasky, K.S., Nehrir, A.R., Humphries, S.D., Barr, J.L.,
Keith, C.J., Shaw, J.A., Rouse, J.H., Cunningham, A.B., 2010. A shallow subsurface
controlled release facility In Bozeman, Montana, USA, for testing near surface







Werner, C.A., Hochstein, M.P., Bromley, C.J., 2004. CO2-ﬂux of steaming ground at
Karapiti, Wairakei. Proceedings 26th NZ Geothermal Workshop.
Wycherley, H., Fleet, A., Shaw, H., 1999. Some observations on the origins of large
volumes of carbon dioxide accumulations in sedimentary basins. Mar. Petrol.
Geol. 16 (6), 489–494.I.F. Schroder et al. / International Journa
tein, A., Ettema, C., 2003. An overview of spatial sampling procedures and
experimental design of spatial studies for ecosystem comparisons. Agric.
Ecosyst. Environ. 94 (1), 31–47.
hompson, S., Seber, G., 1996. Adaptive Sampling. Wiley, New York.
an der Zwaan, B., Smekens, K., 2009. CO2 capture and storage with leakage in anenergy-climate model. Environ. Model. Assess. 14 (2), 135–148.
iveiros, F., Vandemeulebrouck, J., Rinaldi, A.P., Ferreira, T., Silva, C., Cruz, J.V.,
2014. Periodic behavior of soil CO2 emissions in diffuse degassing areas of the
Azores Archipelago: application to seismovolcanic monitoring. J. Geophys.
Res.: Solid Earth 119 (10), 7578–7597.eenhouse Gas Control 54 (2016) 84–95 95
